Introduction
The bone is subject to constant remodeling. This enables bones to adapt to changing strain or stress situations and required reparative mechanisms in cases such as microcracks or fragility fractures which hazards the optimal bone structure. Thus, bone reconstruction in healthy individuals is dependent on a balanced relationship between bone formation and bone loss [1, 2] . This balance is also essential for the process of achieving an optimal peak bone mass which takes place before adulthood. At the cellular level, the remodeling process is controlled through the balanced interaction between osteoblasts and osteoclasts whereby the cellular balance of bone metabolism is safeguarded through molecular mechanisms (e.g. cytokines, hormones, and growth factors). In addition, factors such as age, gender, post-menopausal estrogen loss, physical activity, and various drugs also influence bone metabolism [2, 3] .
Over the past years, molecular biologic studies have significantly broadened our scope of knowledge regarding the regulation of bone
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metabolism. In particular, the immune system and bone metabolism are so closely intertwined that pro-inflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1, IL-6, and IL-17 could be identified as stimulators in the formation of osteoclasts. They are therefore essential mediators in bone resorption, primarily in chronic inflammatory diseases [4, 5] .
The basic requirement for the maintenance of bone homeostasis is a sufficient distinction between osteoclasts and osteoblasts. Two cytokines, namely the macrophage colony stimulating factor (M-CSF) and the receptor activator of NF-κB ligand (RANKL), are of significant importance in osteoclastogenesis which, as solitary cells, can deteriorate or destroy bones. The osteoclasts themselves originate from monocytic precursor cells. If one of these messengers is missing, the formation of osteoclasts comes to a halt resulting in increased bone formation, i.e. osteopetrosis [2, 6, 7] . In addition to the proinflammatory factors TNF-α and IL-6, the following factors play a significant role in osteoblast differentiation from mesenchymal stem cells:
• The Wnt / wingless protein family
• Bone Morphogenetic Protein (BMP)
• Transforming Growth Factor beta (TGF-β)
• Fibroblast Growth Factor (FGF)
• Insulin-like Growth Factor (IGF)
A "reverse" disorder in the osteoblastic system results in osteoporosis [2, 6, 7] , which is characterized by low bone density and micro-architectural alterations in bones. Further characteristics are successively decreased bone stability, increased fracture susceptibility and / or inflammatory destructive manifestations.
The Molecular Mechanisms of Inflammatory Mediators
Secondary osteoporosis is a frequent complication in various inflammatory rheumatic diseases, usually combined with increased levels of pro-inflammatory cytokines [2, 5, 7] . In this situation bone mass loss can be extremely high in the first three to six (sometimes twelve) months with the use of glucocorticoid medication (up to 20%
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The influence of pro-inflammatory cytokines on bone metabolism in the form of bone mass loss is especially evident with the occurrence of inflammation since TNF-α, IL-1, IL-6 and IL-17 contribute to increased osteoclastogenesis [5, [9] [10] [11] [12] . Thus, a connection between the extent of the inflammatory reaction and bone metabolism manifests itself in enhancing fracture susceptibility: patients with a C-reactive protein (CRP) of >3mg/l have a fracture risk eight times greater than persons of similar age, gender, health, with a CRP <1mg/l. An inverse relationship between inflammation and bone formation and bone loss markers is also evident in a CRP range that is <7.5mg/l. On the contrary, a direct correlation between CRP and the biochemical markers for bone resorption could be identified in cases of increased inflammation (CRP >7.5mg/l) [5] , indicating that higher levels of cytokines augment osteoclastogenesis and bone resorption.
Osteoclast-mediated bone resorption is controlled in particular by the key regulators RANKL, its receptor RANK (receptor activator of nuclear factor-κB) and by osteoprotegerin (OPG). The RANK/ RANKL/OPG system plays a prominent role in bone resorption [7, [12] [13] [14] (Figure 1 ). Both osteoblasts and T-lymphocytes activated by inflammatory conditions as well as B-cells and fibroblasts express RANKL, which is required for the osteoclast differentiation from precursor cells. RANKL docks on its receptor RANK which is expressed by the precursor cells of osteoclasts and activates cellular signal transduction cascades after attaching. The signal transduction cascades ultimately activate the osteoclasts, thereby increasing osteoclastogenesis. The interaction between RANKL and RANK with mature osteoclasts further leads to their activation and a higher survival rate. In addition, osteoblasts express OPG which serves as a decoy receptor for RANKL. Conversely its effect can be neutralized by OPG as being a physiological regulator in bone homeostasis.
Theoretically, an elevated ratio between RANKL and OPG results in bone loss; a balanced ratio or an inhibition in the RANK-response suppresses osteoclast activation and thereby the bone resorption as well [13] .
The formation of osteoclasts through the induction of RANKL on mesenchymal cells and activated T-lymphocytes is increased by proinflammatory molecules such as TNF-α [10] [11] [12] and also directly facilitates osteoclastogenesis by means of attaching to the TNF-α-receptor-1 on the surface of monocytes.
The pro-inflammatory cytokine IL-1 also plays a significant role in bone metabolism. This cytokine induces the formation of RANKL and contribute to TNF-α-triggered bone resorption vice versa. Bone resorption induced by TNF-α is considerably limited in the absence of IL-1 by means of a diminished RANK expression leaving the osteoclast precursor cells resistant to stimulation by RANKL [2] .
Likewise, IL-17 also plays a key role in bone metabolism as a connector between T-cells and bone resorption [2, 3, [15] [16] [17] . IL-17 is primarily expressed in Th-17 cells which also facilitate osteoclast formation while exhibiting pro-inflammatory characteristics. As inductor for the expression of TNF-α and IL-1, IL-17 is considered to be the main trigger in osteoclastogenesis. Furthermore, IL-17 induces the production of a number of other factors (e.g. IL-6, TNF-α, IL-1β, TGF-β, G-CSF, GM-CSF). In vivo experiments have shown that an inhibition of IL-17 leads to a suppression of joint destruction in collagen-induced arthritis [18, 19] , resulting in clinical trials evaluating the protective role of anti-IL-17 biologics. Another cytokine, IL-6, stimulates osteoclastogenesis by means of expression in RANKL. In particular, IL-6 plays an integral role in the osteodestruction of multiple myeloma [20, 21] .
Additionally, bone remodeling relies upon two other important pathways that regulate osteoblast differentiation and function, the Wingless (Wnt) and bone morphogenetic protein (BMP) signaling pathways. Wnt signaling plays a key role in osteoblast differentiation and bone formation [22] . Various antagonists inhibit Wnt signaling and thus inhibit bone formation, including secreted frizzled-related proteins (sFRPs), the Dickkopf family members (DKKs), and sclerostin [23] . sFRPs induce a downregulation of the Wnt signaling by binding Wnt proteins. Overexpression of sFRP1 in osteoblasts suppresses Wnt signaling and induces apoptosis, whereas overexpression in mouse models has been shown to decrease bone density [24, 25] . Furthermore, the deletion of the sFRP1 gene in mice results in increased trabecular bone mineral density [25] . Within the Dickkopf protein family, DKK1 inhibits bone formation by antagonizing Wnt signaling. An overexpression of DKK1 results in osteopenia in mice, whereas suppressed expression leads to high bone mass [26, 27] . In a tumor necrosis factor (TNF) driven arthritis model it was shown that blockade of DKK1 induces fusion of the sacroiliac joints [28] . Also, inhibition of DKK1 transforms the destructive phenotype of some mouse models of arthritis into a remodeling phenotype in the peripheral joints [29] . Furthermore, an increase or decrease in serum levels of DKK1 has been associated with inflammatory diseases such as rheumatoid arthritis (RA) and ankylosing spondylitis (AS) [30, 31] . Clinically, DKK1 serum levels are significantly increased in patients with RA compared to healthy controls. Additionally, TNF-α inhibitor therapy in RA patients has been shown to reduce elevated DKK1 levels to a near normal range [30] . In contrast, patients with AS presented DKK1 levels below the normal range as compared to healthy controls. Of interest, DKK1 is an inhibitor of Wnt signaling and thus an inhibitor of bone formation, whereas lower DKK1 levels would thus permit bone formation. Functional activity of DKK1 was observed in serum samples of AS patients [31] . Furthermore, patients with higher functional levels of DKK1 showed less syndesmophyte formation of the spine than patients with lower DKK1 activity. This suggests that lower levels or decreased activity of DKK1 may contribute to the excessive bone formation seen in AS, and that DKK1 may serve as a biomarker for osteocyte formation.
The BMP pathway plays also a key role in osteoblasts differentiation and bone remodeling. The most well-known BMP signaling cascade involves activation of Smad proteins. The binding of BMP ligands to their membrane-bound receptors results in phosphorylation of intracellular SMADS (SMADs 1 and 5), which associate with SMAD4 to form a complex that enters the nucleus to promote gene transcription [32] . It has been demonstrated that inhibition of BMPs can prevent peripheral joint ankylosis in mice [33] . To sum up, BMPs have been shown to play a role in inflammatory diseases, specifically in contributing to bone formation in AS [33] . Of note, proinflammatory cytokines can perturb the Wnt and BMP signaling pathways [34] .
Anti-CCP Antibodies
An additional underlying mechanism been discovered with regard to the clinical observation that anti-CCP antibodies lead to augmented bone loss in rheumatoid arthritis. Here, anti-CCP antibodies which are in the context of inflammatory arthritides such as rheumatoid arthritis, present in over two-thirds of RA patients, can directly stimulate osteoclast formation. These antibodies are also considered prognostic parameters for a destructive process and therefore, it can be speculated that catabolic bone alterations in rheumatoid arthritis take place prior to over inflammatory destructive manifestations by means of this mechanism [35] .
Adipokines
Additional potent mediators known for their immunomodulatory potential can act on bone underlying. Adipokines with immunomodulatory potential, such as adiponectin, resistin, and visfatin have been investigated with respect to their influence on proinflammatory and pro-destructive/fibrotic processes in rheumatoid diseases such as rheumatoid arthritis [36] .
Adiponectin
The adipokine adiponectin exhibits predominantly immunomodulatory effects. In addition, it influences the function and the differentiation of central bone metabolism cells. For example, the globular isoform of adiponectin is a potential inhibitor of both TLR4-ligand-induced osteoclastogenesis and TNF/RANKL-induced osteoclast differentiation [37] . Adiponectin induces also RANKL and inhibits OPG expression in human osteoblasts. Suppression of AdipoR1, an adiponectin receptor, reverses adiponectin-induced effects with respect to RANKL and OPG expression [36, 38, 39] . Adipokines also have the ability to influence central bone metabolism cells. However at present it is still unclear how the (local) adipokine expression influences bone erosion or osteoporosis processes in detail in the context of rheumatoid diseases. If and how adiponectin has / holds therapeutic relevance for rheumatoid diseases is therefore currently being studied in various research groups.
Resistin
Similar to adiponectin, resistin inherits immunomodulatory potential. For example, resistin induces the secretion of cytokines such as TNF, IL-6, and IL-12 in inflammatory cells [36] . This led to the hypothesis that resistin, in contrast to adiponectin, which can function both as dependent on local conditions and as proand anti-inflammatory, is a pure pro-inflammatory factor. In the case of rheumatoid arthritis, serum levels of resistin are increased [36] . Increased levels of resistin in the synovium are also evident locally in rheumatoid arthritis, and, as with adiponectin, resistin is locally expressed in various disease-associated cells [36] . Resistin is, for example, induced in peripheral blood mononuclear cells (PBMC) by pro-inflammatory cytokines such as IL-6 and TNF. Conversely, resistin induces these factors in PBMC which leads to a pro-inflammatory feedback [36] . Resistin is also expressed in bone metabolism cells, for example in bone marrow stem cells and in mature human osteoblasts [40] . Recombined resistin can even increase the number of differentiated osteoclasts and the NFκB promoter activity during osteoclastogenesis in vitro [40] .
Visfatin
Visfatin, also known as pre-B-cell colony-enhancing factor (PBEF), has been termed "visfatin" because of its expression in visceral fat tissue. Visfatin has the ability to bind the insulin receptor (IR) and thereby induce insulin-mimetic effects in various cells [36] . In addition, visfatin, or PBEF, is a pleiotropic protein with immunomodulatory potential and, like resistin, appears to experience predominantly proinflammatory effects. Visfatin / PBEF, induces cytokines such as IL-1, TNF, and IL-6 in monocytes. The concentration of visfatin / PBEF in synovial fluid and serum increases with rheumatoid arthritis [36] . Similar to adiponectin and resistin, visfatin / PBEF is locally expressed in synovium in a variety of cells [36, 41] . In rheumatoid arthritis, the pro-inflammatory potential of visfatin / PBEF is reflected by diverse groups of various synovial effector cells [36, 41] . Little is known about the influence of visfatin on bone metabolism. Nevertheless, it seems to wield insulin-similar effects on human osteoblasts. Insulin receptors are expressed in osteoblasts whereby visfatin / PBEF could induce the phosphorylation of IR and IR substrates [42] . Furthermore, the glucose intake, proliferation, and expression of collagen type 1 in human osteoblasts are induced whereas the osteocalcin secretion was reduced. Osteoclastic precursor cells, which are differentiated from PBMC, were suppressed by visfatin / PBEF from differentiating into mature, full-bodied osteoclasts [43] . This is also manifested in the suppression of osteoclast markers [43] . Thus, it appears that visfatin / PBEF, similar as resistin, influences the cells which are central to bone metabolism.
In conclusion, the etiology of bone density loss in inflammatory rheumatoid diseases is multifactorial. Pro-inflammatory cytokines act as stimulators of osteoclastogenesis and are thereby essential mediators in bone resorption. In this scenario, adipokines possess immunomodulatory potential and can influence cells central to bone metabolism.
From Bench to Bedside
A number of clinical studies concerning, i.e. rheumatoid arthritis and ankylosing spondylitis determine the fundamental role of TNF-α in the induction of osteoclasts and bone resorption. It could be shown that an adequate TNF-α inhibition is able to neutralize the inflammation-mediated alterations in bone metabolism, i.e. increased bone formation and reduced bone resorption, it also leads to a cessation or amelioration of radiographical erosive changes in patients with rheumatoid arthritis [44] [45] [46] [47] [48] . In this process, the relationship between RANKL and OPG shifts towards bone preservation in which OPG induces and RANKL decreases [45, 48] . Furthermore, under the influence of TNF-β, this leads to the apoptosis of osteoclasts. The reduction of bone resorption due to a TNF-α inhibition may be restored through a reduced, direct stimulation of osteoblast formation and a reduced expression of RANKL in inflammation cells. The osteoprotective influence (bone neo-formation) of TNF-α could be recently be demonstrated by results revealing the interrelations between TNF-α and bone-inhibiting cytokines: TNF-α can induce Wnt-antagonists such as dickkopf (DKK-1) and thereby inhibit bone formation (Figure 2 ).
An inhibition of the radiographical progress in rheumatoid arthritis could also be shown when using different TNF-blockers [49] [50] [51] and the IL-6-receptor-blocker tocilizumab [52, 53] even when no sufficient repression of the overall disease activity could be achieved [54, 55] . In a one year prospective study, an osteoprotective effect on the bone metabolism and bone density could be confirmed by IL-6-Receptor inhibition in patients with active rheumatoid arthritis who had previously been treated with TNF-blockers [15] .
With respect to active ankylosing spondylitis, it could be shown that the RANKL level and the RANKL/OPG ratio significantly increase with reduced bone density and radiographic signs of an existing inflammation [56] . In this context, the results of two current studies on serial radon-hyperthermia in the case of ankylosing spondylitis with a decrease in RANKL/OPG ratio are fascinating [57, 58] . In these studies, the fall of osteo-catabolic and the rise of osteo-anabolic cytokines reflect the molecular basis for a decrease in osteoclastic bone loss in the context of an inflammation-conditioned secondary osteoporosis rather than through the influence of unaccompanied physical medicine. Among other aspects, it can be speculated that the systematic RANKL-secretion reduces T-cells and other osteocatabolic factors. Along this line, the observed decline of the TNF-α serum level could also be the result of a reduced expression of T-cells and other immune cells.
A therapy with the RANKL-inhibitor denosumab did not result in an improvement in arthritic flares in rheumatoid arthritis. The inhibition of osteoclasts, however, resulted in the progression of erosive bone alterations [59] and in an increase in peripheral and axial density [60] . A significant loss of the bone loss marker CTX-I could be shown in vitro [59] . Moreover an IL-17 blockade presents an additional attractive cytokine-based therapy option [61, 62] .
In conclusion, a therapeutic suppression of the inflammation process leads to a suppression of bone loss. In addition, physical therapy measures affect central messengers of the inflammation process as well as interactions between immune system cells and bone cells. As result various therapeutic options, which are currently being investigated are attractive future candidates in modulating the RANK/RANKL/OPG system.
Conclusion Parts
• Bone homeostasis is based on a finely balanced interaction among molecular mechanisms, cytokines, hormones, and growth factors.
• The effects of proinflammatory cytokines on osteoclasts and osteoblasts are numerous and are still being revealed.
• A close interrelation exists between the immune system and TNF-α bone cells. Pro-inflammatory cytokines function as stimulators of osteoclastogenesis.
• The pathogenetic aspects of bone loss in inflammatory rheumatoid diseases focus on disease-associated mechanisms, inactivity, therapeutic results, and factors not to the underlying disease.
• A sufficient suppression of inflammatory symptoms is accompanied by a clinical improvement with a clear "osteoprotective" effect.
• Many components of the Wnt pathway are potential targets for the development of new drugs.
